Peroxisome proliferator-activated receptor-␥ (PPAR␥) regulates both glucose metabolism and bone mass. Recent evidence suggests that the therapeutic modulation of PPAR␥ activity with antidiabetic thiazolidinediones elicits unwanted effects on bone. In this study, the effects of rosiglitazone on the skeleton of growing (1 month), adult (6 month), and aged (24 month) C57BL/6 mice were determined. Aging was identified as a confounding factor for rosiglitazone-induced bone loss that correlated with the increased expression of PPAR␥ in bone marrow mesenchymal stem cells. The bone of young growing mice was least affected, although a significant decrease in bone formation rate was noted. In both adult and aged animals, bone volume was significantly decreased by rosiglitazone. In adult animals, bone loss correlated with attenuated bone formation, whereas in aged animals, bone loss was associated with increased osteoclastogenesis, mediated by increased receptor activator of nuclear factor-B ligand ( O STEOPOROSIS, OBESITY, AND diabetes are major public health concerns because of their prevalence in our increasingly sedentary and aging society (1). The peroxisome proliferator-activated receptor-␥ (PPAR␥) is a DNAbinding nuclear hormone receptor that has been shown to regulate bone mass, energy expenditure, and glucose metabolism (2-4). At the cellular level, diverse pathologies such as obesity and osteoporosis share several features including a genetic predisposition and a common cell progenitor (5).
O STEOPOROSIS, OBESITY, AND diabetes are major public health concerns because of their prevalence in our increasingly sedentary and aging society (1) . The peroxisome proliferator-activated receptor-␥ (PPAR␥) is a DNAbinding nuclear hormone receptor that has been shown to regulate bone mass, energy expenditure, and glucose metabolism (2) (3) (4) . At the cellular level, diverse pathologies such as obesity and osteoporosis share several features including a genetic predisposition and a common cell progenitor (5) .
With aging, bone loss occurs universally in animals and humans and, in contrast to postmenopausal bone loss, affects individuals regardless of their sex steroid status (6) . Agerelated bone loss occurs only at the endosteal surface, which is in contact with the bone marrow, and results from attenuated and unbalanced bone turnover as a consequence of an oversupply of osteoclastic cells relative to the need for bone resorption and an undersupply of osteoblastic cells relative to the need for cavity repair (6) . Although aging has a negative effect on bone formation and osteoblast production, it has a positive effect on the proportion of fatty marrow and the number of marrow adipocytes (7) . In humans, the femoral cavity becomes occupied by fat by the third decade of life (7) . Similarly, high fat content in the vertebral marrow is positively correlated with osteopenia and osteoporosis in both elderly men and postmenopausal women (5) .
Osteoblasts and adipocytes share a common progenitor and are derived from marrow mesenchymal stem cells (MSC) (8) . MSC commitment toward the osteoblast or adipocyte lineage occurs via a stochastic mechanism, in which lineagespecific transcription factors, such as runt-related transcription factor 2 (Runx2) for osteoblasts and PPAR␥2 for adipocytes, are activated (9, 10) . Aging alters the balance in lineage commitment of marrow MSC and increases their differentiation toward the adipocyte lineage while decreasing differentiation toward the osteoblast lineage (9, 11) . These lineage changes are reflected in the expression pattern of phenotypespecific transcription factors: an increase in the expression of PPAR␥2 and a simultaneous decrease in the expression of Runx2 (11) . In addition, marrow mesenchymal cell support of osteoclastogenesis is increased because of the increased production of macrophage colony-stimulating factor (M-CSF) and receptor activator of nuclear factor-B ligand (RANKL) (12) . Thus, normal aging changes the status of marrow MSC with respect to both their differentiation potential and their production of specific signaling molecules. Such molecular changes contribute to the formation of the specific microenvironment necessary for the maintenance of bone homeostasis.
Multiple alternate PPAR␥ transcripts translate to two protein isoforms, PPAR␥1 and PPAR␥2. PPAR␥1 is expressed in many cell types, including osteoblasts, whereas PPAR␥2 is specifically expressed in adipocytes and is responsible for the regulation of both differentiation and function (10, 13) .
PPAR␥ activation requires heterodimerization with another nuclear receptor, retinoid X receptor (RXR), and binding of a specific ligand (14) . Ligands for PPAR␥ include polyunsaturated fatty acids, oxidized metabolites of prostaglandin J 2 , certain phospholipids, and antidiabetic drugs such as thiazolidinediones (TZD) (14) . Currently, two TZD, rosiglitazone and pioglitazone, are used to control glucose levels in diabetic patients.
An essential role for PPAR␥ in the maintenance of bone homeostasis has been demonstrated in several animal models of either bone accrual or bone loss, depending on the status of PPAR␥ activity (2, 3, (15) (16) (17) (18) . In models of bone accrual, a decrease in PPAR␥ activity in either heterozygous PPAR␥-deficient mice or mice carrying a hypomorphic mutation in the PPAR␥ gene locus led to increased bone mass due to increased osteoblast number (3, 17) . Moreover, the rate of bone loss with aging was significantly lower in heterozygous PPAR␥-deficient mice compared with the control animals, which possessed both chromosomal copies of PPAR␥ (3) . In contrast, in models of bone loss due to PPAR␥ activation, administration of rosiglitazone to mice and rats resulted in significant decreases in bone mineral density (BMD) and bone volume and changes in bone microarchitecture (2, 15, 16, 18) . This treatment-induced bone loss was associated with changes in the structure and function of bone marrow, such as a decreased number of osteoblasts and an increased number of adipocytes (2, 18) .
In humans, 4-yr follow-up data from the Health, Aging, and Body Composition observational study revealed that TZD administration results in progressive bone loss in diabetic older postmenopausal women but not in older diabetic men (19) . In addition, the clinical evaluation of PPAR␥ gene polymorphisms strongly suggests a role in the regulation of bone mass in humans (20) . A silent C3 T transition in exon 6 results in a lower bone density and a predisposition to osteoporosis (20) . Several novel polymorphisms were also identified in the coding region of PPAR␥ that, particularly in women, correlated with BMD independently of body weight and type 2 diabetes in the Framingham Offspring Study (21) .
Because PPAR␥ expression increases in marrow MSC with aging, the effect of PPAR␥ activation by rosiglitazone on the skeletons of growing, adult, and aging animals was examined. Rosiglitazone treatment resulted in distinctive changes in bone microarchitecture and strength, as well as age-dependent changes in the function of the mesenchymal compartment of bone marrow. These changes included decreased osteoblast number in adult, increased osteoclast number in aged, and an increased number of marrow adipocytes in all ages of animals analyzed. Moreover, rosiglitazone suppressed the multipotential phenotype of adult marrow MSC to a level comparable to that observed in aged animal marrow. The bone loss that occurs due to rosiglitazone treatment shares the features of, and involves mechanisms similar to, age-related bone loss.
Materials and Methods

Experimental animals and treatment regime
Nondiabetic male C57BL/6 mice were obtained from the colony maintained by the National Institute on Aging under contractual agreement with Harlan Sprague Dawley, Inc. (Indianapolis, IN) . Animals, identified by punched ears, were housed (four per cage) with free access to water and were maintained at a constant temperature, on a 12-h light, 12-h dark cycle. The animal treatment and care protocols conformed to National Institutes of Health Guidelines and were performed using a University of Arkansas for Medical Sciences Institutional Animal Care and Use Committee-approved protocol.
Animals were grouped and referred to as follows: young (1 month old), 10 animals per group, and adult (6 months old) and old (24 months old), eight animals per group. Animals were fed 5 g of food per day per animal with pelleted chow (F05072; Bio-Serv, Frenchtown, NJ) supplemented with rosiglitazone maleate (Avandia; GlaxoSmithKline, King of Prussia, PA) at the concentration of 0.14 mg/g chow. The control group was fed the same amount of nonsupplemented chow. Animals were fed every other day for 7 wk, and food and rosiglitazone intake per cage and body weights of individual animals were monitored. To permit dynamic bone histomorphometric measurements, mice were injected ip with 30 g/g body weight of tetracycline 7 and 2 d before being killed as described (2) .
Measurements of serum metabolic parameters
Blood was collected by cardiac puncture at the time of killing and allowed to clot, and serum was collected by centrifugation. Plasma glucose levels were measured using Accu-Check Advantage Blood Glucose Meter (Roche Diagnostic Corp., Indianapolis, IN). Serum insulin levels were determined using the Mouse Insulin ELISA kit (ALPCO, Windham, NH), serum bone-specific alkaline phosphatase levels were determined in p-nitrophenol reaction using Phosphatase Substrate (Sigma Chemical Co., St. Louis, MO) in the presence of 10 mm l-phenylalanine to inhibit any circulating intestinal alkaline phosphatase, and serum C-telopeptide degradation products from type I collagen were measured using RatLaps ELISA kit (Nordic Bioscience Diagnostics, Herlev, Denmark).
BMD measurements
BMD was determined using the Piximus instrument and software version 1.46 (GE Lunar, Madison, WI). Mice were anesthetized and scanned at the beginning of the experiment and before the onset of rosiglitazone treatment, an intermediate time point (4 wk) , and at killing (7 wk). Total body BMD (g/cm 2 ), excluding the head region, was obtained from each scan, and the percent change in BMD was determined as described (2) . Internal variations of repeated measures of total murine body BMD have been determined to be 1.7-2.0%.
Microcomputed tomography (microCT) analysis
After killing, the right tibia of each animal was dissected and fixed in Millonig's phosphate-buffered 10% formalin (pH 7.4). After 24 h, the tibia was dehydrated successively in 70, 95, and 100% ethanol and measured without additional sample preparation in a microCT 40 (Scanco Medical, Bassersdorf, Switzerland), as described (2, 22) .
Mechanical testing
The fifth lumbar vertebrae (L5) was harvested and used for biomechanical testing. The compressive strength of L5 vertebrae were determined in a single load-to-failure compression test as we have previously described (23) using a MTS 858 Bionex Test Systems load frame (MTS, Eden Prairie, MN) with computer control, data logging, and calculations of load-to-failure using TestWorks version 4.0 (MTS). The load frame was operated at a constant rate of 0.1 mm/sec with load and displacement recorded at 100 Hz. Load-to-failure was recorded as the load after a 2% drop from peak load.
Bone histomorphometry
After microCT data collection, the same tibiae were embedded undecalcified in methyl methacrylate and sectioned at 4 m using a tungsten carbide steel knife on an automatic, retractable Microtom 355 with a D-profile. Adjacent sections were stained with Masson trichrome, Goldner trichrome, von Kossa, and two were left unstained for evaluation of tetracycline labeling evaluation (2, 24). Osteoclasts were quan-tified in sections stained for tartrate-resistant acid phosphatase (TRAP), with osteoclasts identified as TRAP ϩ multinucleated cells, adjacent to bone. All histomorphometric examination was performed in a blinded, nonbiased manner using a computerized semiautomated OsteoMeasure system (OsteoMetrics Inc., Atlanta, GA) as previously described (2) . Briefly, all measurements were confined to the secondary spongiosa and restricted to an area between 700 and 1500 m distal to the growth plate-metaphyseal junction of the proximal tibia. A minimum of 25 fields in the proximal tibia were evaluated (2) . Static measurements and dynamic lengths of single-and double-labeled bone surfaces were obtained (2, 24) and reported using the terminology recommended by the Histomorphometry Nomenclature Committee of ASBMR (25) . Adipocyte number in the metaphysis of the proximal tibia was measured on five different microscopic fields at ϫ20 magnification.
RNA isolation and quantitative real-time RT-PCR analysis
Total RNA was isolated from the left tibia of each animal, and gene expression in the entire bone was analyzed using quantitative real-time RT-PCR. Immediately after the animal was killed, the tibia was cleaned of all remaining soft tissue, cut into pieces, and homogenized in the presence of TRIzol Reagent (Life Technologies, Grand Island, NY) followed by RNA isolation as described by the manufacturer. Real-time PCR were performed as described (22) .
Gene expression was analyzed using the following primer pairs: RANKL (forward, ATGCTGCCAGCATCCCA; reverse, CCCAGCCTC-GATCGTGG), OPG (forward, TCCGGCGTGGTGCAAG; reverse, AGAACCCATCTGGACATTTTTTG), PPAR␥ (forward, TCATCTCA-GAGGGCCAAGGA; reverse, CACCAAAGGGCTTCCGC), PPAR␥2 (forward, AAACTCTGGGAGATTCTCCTGTTG; reverse, GAAGTGCT-CATAGGCAGTGCA), and 18S rRNA (forward, TTCGAACGTCTGC-CCTATCAA; reverse, ATGGTAGGCACGGCGACTA).
Murine primary bone marrow cultures and the assessment of osteoblast and adipocyte differentiation
Bone marrow cultures were established from femur marrow aspirates as described (22) . Bone marrow was isolated from individual mice (n ϭ 8) and seeded separately in triplicate at a density of 2. To measure the number of osteoblastic progenitors (CFU-OB), cells were maintained in osteoblastic medium (basal medium supplemented with 0.2 mm ascorbic acid and 10 mm ␤-glycerophosphatel; Sigma) for 28 d with one half of the medium changed every 6 d. Mineralization was determined by von Kossa staining as described (24) . To measure the number of adipocytic progenitors, after the initial 10 d of growth, cultures were exposed for the next 3 d to the medium supplemented with 10 Ϫ6 m rosiglitazone (Tularik Inc., South San Francisco, CA). Fat-containing cells were visualized with Oil Red O staining, and adipogenesis was quantified by enumerating colonies containing at least 10% Oil Red O-positive cells (26) .
The assessment of the multipotential phenotype of MSC was performed as described (10) . Briefly, murine bone marrow adherent cells were grown in the presence of basal medium for 10 d followed by an additional 3 d of growth either in the same medium or in basal medium supplemented with 10 Ϫ6 m rosiglitazone. Next, all medium was changed to pro-osteoblastic medium (basal medium supplemented with 0.2 mm ascorbic acid and 10 mm ␤-glycerophosphate). All cultures were then allowed to grow for an additional 28 d. The number of mineralized CFU-OB was enumerated after von Kossa staining.
Osteoclastogenesis
To assess the effects of rosiglitazone treatment on mesenchymal cell support for osteoclastogenesis, coculture of murine bone marrow and immortalized murine marrow mesenchymal cells stably transfected with PPAR␥2 expression construct (U-33/␥2 cells) (10) 
Statistical analysis
Statistically significant differences between groups were detected using one-way ANOVA followed by post hoc analysis by Student-Neuman-Keuls within the SigmaStat software (SPSS, Inc., Chicago, IL) after establishing homogeneity of variance and the normal distribution of the data. Data that were not normally distributed were analyzed by MannWhitney U test on the ranks and Dunn's post hoc tests using SigmaStat software. In all cases, P Ͻ 0.05 was considered significant. Histomorphometric data were analyzed using SigmaStat or SAS software (SAS Institute Inc., Cary, NC) (2) . All values are presented as the mean Ϯ sd. Differences between group means in all histomorphometric studies were evaluated with Student's t test or ANOVA after P values were adjusted with Bonferroni's correction (2) .
Results
The C57BL/6 mouse strain is a commonly accepted model of bone aging (27) . Changes that occur in the tibial metaphysis and diaphysis in male C57BL/6 mice closely resemble changes that occur in human bone with aging (27, 28) . Bone growth in C57BL/6 males, measured as increasing BMD, occurs during the first 3-4 months of life, peaks at around 5-6 months, and is followed by a gradual decline that continues throughout the lifespan of the animal (ϳ26 -36 were measured as a function of aging in C57BL/6 mice. Adipocyte number was measured in the metaphysis of the proximal tibia. Numbers represent a mean of five fields at magnification ϫ20. Data were collected from 10 young, eight adult, and eight old animals.
months) (Fig. 1 ). Similar to humans, bone loss in older animals is accompanied by a corresponding increase in the number of marrow adipocytes ( Fig. 1 ). There is no significant difference in adipocyte number in young growing animals and adult animals at peak BMD; however, adipocyte numbers increase sharply in old animals and are positively correlated with the decreased BMD observed (Fig. 1) .
Age-related effects of rosiglitazone on bone mass
Because osteoblasts and adipocytes share a common mesenchymal progenitor and expression of the adipocyte-related PPAR␥2 isoform increases in undifferentiated MSC with aging (11), we hypothesized that PPAR␥ activation after rosiglitazone treatment will induce bone loss as a function of age. Therefore, the skeletal responses to rosiglitazone of young (1 month), adult (6 months), and old (24 months) animals were examined. Animals in each age group were fed a diet supplemented with rosiglitazone for 7 wk. At the end of 7 wk, animals were 3, 8, and 26 months old, respectively. The average daily dose of rosiglitazone, calculated at the end of the experiment, was not significantly different between groups (young, 17.4 g/g body weight; adult, 18.7 g/g; and old, 16.1 g/g). However, the differences between the cumulative doses in each group (daily dose ϫ duration of experiment) were significant (P Ͻ 0.05) (young, 974.4 g/g body weight; adult, 916.3 g/g; and old, 788.9 g/g). Thus, young animals received the largest cumulative dose of rosiglitazone, whereas old animals received the smallest.
Animals that received a diet supplemented with rosiglitazone responded with higher food intake, decreased weight of epididymal or white fat, and increased weight of interscapular or brown fat (Fig. 2, A-C) . However, in contrast to type 2 diabetic patients and animal models, rosiglitazone treatment of nondiabetic animals did not change body weight or alter serum glucose levels (Fig. 2, D and E) (29) . Interestingly, insulin levels were significantly compromised, suggesting activation of compensatory mechanisms in nondiabetic animals, which stabilized blood glucose levels in the presence of rosiglitazone (Fig. 2F) . No changes in serum levels for bone-specific alkaline phosphatase or C-telopeptide were detected (data not shown).
A change in global BMD, calculated as a percent fraction between an individual animal's BMD value at the beginning and at the end of the experiment, indicated that rosiglitazone decreased BMD in adult and old, but not young, animals (Fig. 3A) . However, measurement of the changes in bone mineral content (BMC) demonstrated a negative effect of rosiglitazone in all age groups tested (Fig. 3B) . Furthermore, detailed examination of the kinetics of bone loss accompanying rosiglitazone treatment demonstrated that the majority of the bone loss in adult animals (ϳ63% of total bone loss) occurred during the final 3 wk of rosiglitazone treatment, whereas the bone loss in old animals (ϳ70% of total bone loss) occurred during the initial 4 wk of treatment (Fig. 3 , C and D, respectively). Such a time-dependent difference in the response to rosiglitazone treatment suggests that different cellular targets and/or different mechanisms are responsible for the rosiglitazone-induced bone loss in adult and old animals.
Next, the effect of rosiglitazone treatment on vertebral bone strength was determined. Rosiglitazone treatment significantly decreased load-to-failure of L5 vertebral bodies in adult, but not young, animals to a similar level to that of aged control animals (Fig. 3E) . The decrease in mechanical strength was positively correlated with the decrease in BMD in rosiglitazone-treated adult animals. As expected, bone strength in aged control animals was significantly compromised compared with both young and adult animals. Rosiglitazone administration further decreased vertebral strength in aged animals; however, the values did not achieve statistical significance (Fig. 3E) . 
Analysis of bone microarchitecture by microCT
Analysis of trabecular bone microarchitecture in the proximal tibia using microCT revealed that rosiglitazone induced changes in bone architecture that paralleled the changes observed with aging (Fig. 4) . In adult animals, both aging and rosiglitazone treatment decreased bone volume fraction (Fig. 4B ) and trabecular number (Fig. 4C ) and increased trabecular spacing (Fig. 4D) . No changes in connectivity density (Fig. 4E) or trabecular thickness were seen with rosiglitazone treatment in young animals; however, rosiglitazone treatment significantly decreased trabecular thickness in adult animals (Fig. 4F) . No changes in trabecular bone microarchitecture were observed in young animals treated with rosiglitazone. In old animals treated with rosiglitazone, bone loss was so extensive that little or no trabecular bone remained, making analysis by microCT problematic and unreliable statistically.
Histomorphometric analysis of bone formation and bone resorption parameters
Histomorphometric analysis (Table 1 ) demonstrated the cellular basis for the age-dependent effect of rosiglitazone to increase bone loss. In young growing animals, rosiglitazone treatment significantly decreased bone formation rate. No other osteoblast parameters in young mice were significantly affected. Rosiglitazone did not affect osteoclast number in either young or adult animals (Table 1) . However, in adult animals, rosiglitazone decreased the number of osteoblasts resulting in a decreased mineral apposition rate and ultimately decreased bone formation rate (Table 1) , as we and others have shown previously (2, 18) .
In contrast, the cellular basis for bone loss in rosiglitazonetreated aged animals was distinctly different. As expected, parameters of bone formation, such as bone formation rate, mineral apposition rate, and osteoblast number, were greatly compromised in old nontreated animals. Rosiglitazone administration had no significant effect on any measured osteoblast parameter in old animals. However, in contrast to adult animals, in old rosiglitazone-treated animals, bone loss was directly related to the significant increase in osteoclast number (Table 1) . These results suggest that rosiglitazone treatment affects distinct cellular bone compartments in adult and aged animals.
To assess the effect of aging and rosiglitazone on the support for osteoclastogenesis, the ratio of RANKL to OPG mRNA expression was examined (30 -32) (Fig. 5A) . Because RANKL and OPG are expressed in the marrow by cells of different lineages and support osteoclastogenesis in a paracrine fashion, the expression of their transcripts was measured in the intact bone of experimental animals as opposed to the specific marrow cellular compartment. As shown in Fig. 5 , B and C, during aging, relative levels of RANKL mRNA increase, whereas levels OPG mRNA decrease, respectively. This results in the increased RANKL-to-OPG ratio in the tibia of both adult and old animals but not in the tibia of young animals (Fig. 5A ). This ratio was further increased in the bone of rosiglitazone-treated animals (Fig. 5A) . The observed increase in the RANKL-to-OPG ratio in rosiglitazone-treated animals was entirely due to increased RANKL mRNA expression, because no significant change in OPG mRNA expression was detected (Fig. 5, B and C, respectively). Interestingly, the RANKL-to-OPG ratio was also increased in the bone of adult rosiglitazone-treated animals in the absence of increased bone resorption ( Fig. 5A ; see Table  1 ). However, the relative expression of RANKL in adult animals was lower, and OPG expression higher, compared with the expression levels in the bone of old rosiglitazone-treated animals (Fig. 5, B and C, respectively) . These data may explain the observed lack of increase in osteoclastogenesis in rosiglitazonetreated adult animals in vivo. Rosiglitazone did not affect RANKL-to-OPG ratio or RANKL or OPG expression in young animals, which is consistent with the lack of effect of this drug on bone resorption in young animals.
Rosiglitazone increases mesenchymal cell support for osteoclastogenesis in vitro
The effect of rosiglitazone on the support of osteoclastogenesis by marrow MSC was examined using U-33/␥2 cells, a mesenchymal cell line, in which osteoblast and adipocyte (4 -7), and between the beginning and the end of treatment (0 -7). E, Vertebral bone strength was measured at the end of the experiment as described in Materials and Methods. Data were collected from the following number of animals in each group: young, 10 control and 10 rosiglitazone; adult, eight control and eight rosiglitazone; old, eight control and seven rosiglitazone. 19 or Ն20 nuclei per cell) was significantly increased (Table 2 ). Pretreatment with rosiglitazone followed by treatment with 1,25(OH) 2 D 3 increased not only the total number of TRAP ϩ osteoclast-like cells but also the number of osteoclast-like cells containing four or more nuclei (Table 2) .
To further examine the functional consequences of rosiglitazone and 1,25(OH) 2 D 3 on osteoclast-like cell formation, U-33/␥2 and nonadherent bone marrow cells were cocultured in the presence of both 1,25(OH) 2 D 3 and rosiglitazone (Table 2 ; experiment type 2). As shown in Table 2 , the simultaneous combination of rosiglitazone and 1,25(OH) 2 D 3 decreased the total number of TRAP ϩ osteoclast-like cells compared with treatment with 1,25(OH) 2 D 3 alone. This result is entirely consistent with the inhibitory effects of rosiglitazone on osteoclast precursors observed by others (34 -36) .
The change in U-33/␥2 cell support of osteoclastogenesis after pretreatment with rosiglitazone positively correlated with the observed changes in the RANKL-to-OPG ratio (Fig.  6A) . Treatment of U-33/␥2 cells with rosiglitazone alone decreased the RANKL-to-OPG ratio. In contrast, the RANKL-to-OPG ratio was significantly increased by 1,25(OH) 2 D 3 treatment and was further enhanced in cells pretreated with rosiglitazone before the addition of 1,25(OH) 2 D 3 (Fig. 6A) . Rosiglitazone increased the RANKLto-OPG ratio primarily by an up-regulation of RANKL mRNA (Fig. 6, B and C) . A similar effect of rosiglitazone on RANKL and OPG mRNA expression was observed in U-33/␥2 cells simultaneously treated with both rosiglitazone and 1,25(OH) 2 D 3 (data not shown). Collectively, these results suggest that PPAR␥ may have a dual role in the regulation of osteoclastogenesis. PPAR␥ activation increases the support for osteoclastogenesis mediated by 1,25(OH) 2 D 3 -stimulated increases in RANKL expression in mesenchymal cells and also affects the recruitment of osteoclast-committed precursors from the pool of hematopoietic cells.
Rosiglitazone induces changes in bone histology characteristic of aging bone
Histological examination of the proximal tibia of young, adult, and aged animals revealed that rosiglitazone-induced changes in the bone and marrow compartments closely resemble age-induced changes (Fig. 7A) . With aging, bone volume in the primary spongiosa and metaphysis decreases and the growth plate closes (28) . Marrow infiltration into the epiphysis becomes more pronounced, leading to the fusion of both the metaphyseal and epiphyseal areas and replacement of the bone space with marrow infiltrated with fat cells (Fig. 7A) (28) . A similar pattern of histological changes is seen in animals treated with rosiglitazone. The histological appearance of the proximal tibia of adult animals after 7 wk of rosiglitazone treatment closely resembles the proximal tibia of aged animals (Fig. 7A) . These similarities include the loss of bone in the epiphysis and fat accumulation in the marrow, which replaces bone. The loss of an intact epiphysis and an increase in adipocyte number is also seen in young animals treated with rosiglitazone (Fig. 7A ). Because such changes in the epiphysis may affect longitudinal bone growth (28), we measured the length of the tibia in young animals using digital calipers. There were no significant differences in the length of the tibia in control vs. rosiglitazonetreated animals (data not shown).
The decrease in trabecular bone volume that occurs during aging, and as a result of rosiglitazone treatment, is accompanied by an increase in the number of marrow adipocytes (Figs. 1 and 7, A and B) . Rosiglitazone increased the number of marrow adipocytes regardless of the age of the animals. However, the largest increase was observed in old animals, which, even at the baseline, have higher numbers of marrow adipocytes. The increased number of adipocytes and the increased sensitivity of old marrow to the proadipocytic effect of rosiglitazone treatment can be attributed to the increased expression of the PPAR␥2 isoform in MSC with aging (11). Undecalcified tibiae were obtained from young, adult, and old control and rosiglitazone-treated mice and embedded in methyl methacrylate, sectioned, and stained with Golden trichrome (2) . Mineralized bone tissue is stained blue. The unstained areas in the bone marrow represent empty spaces previously occupied by adipocytes. Magnification, ϫ4. e, Epiphysis; gp, growth plate; m, metaphysis. B, Marrow adipocyte number in the metaphysis of the proximal tibia. Adipocytes were recognized based on the distinct appearance of round empty spaces in the processed specimens. Cell numbers represent a mean of five fields per bone at magnification ϫ20. Data were collected from the tibiae of five animals from each group. C, Levels of PPAR␥2 mRNA expression in whole tibia. D, Levels of PPAR␥1 mRNA expression in whole tibia. Gene expression was measured using real-time PCR. Gray bars, control; black bars, rosiglitazone. *, P Ͻ 0.05 vs. control; #, P Ͻ 0.05 vs. young animals. ND, mRNA expression below detection level. The number of adipocytes in the tibia of adult and old animals correlated with the increased expression of the adipocyte-specific PPAR␥2 mRNA isoform (Fig. 7C) . PPAR␥2 was undetectable in the bones of young and adult control animals but was detected in the bone of old control animals. Rosiglitazone significantly increased PPAR␥2 mRNA expression in the bone of adult and old, but not young, animals (Fig. 7C) . In contrast, the expression of the more abundant and less specific PPAR␥1 mRNA isoform was increased with aging but was not affected by rosiglitazone treatment (Fig.  7D ). The differences in the pattern of expression of both PPAR␥ isoforms may reflect their different cellular localization and/or distinct functions in the maintenance of skeletal homeostasis.
Rosiglitazone affects the multipotential phenotype of osteoblast progenitors
Analysis of the differentiation potential of the MSC compartment revealed that, in accordance with earlier reports (18) , in vivo administration of rosiglitazone did not affect the potential of MSC to form fibroblast-like colonies, mineralized colonies (CFU-OB), or colonies of fat-laden cells (data not shown). These data suggest that the innate potential of MSC to acquire the osteoblastic or adipocytic phenotype is not affected by rosiglitazone. However, these measurements do not consider whether the multipotential character of bone marrow MSC, which changes with aging (37, 38) , is affected by rosiglitazone treatment.
To assess the multipotential phenotype of MSC, experiments were designed based on the following rationale. We reasoned that the conversion of MSC between lineages is, at least in part, permitted in these cells by the simultaneous expression of both adipocytic (e.g. PPAR␥2) and osteoblastic (e.g. Runx2) transcription factors. Previous evidence indicated that PPAR␥ activation converts multipotential MSC to terminally differentiated adipocytes and irreversibly suppresses their osteoblast phenotype (10) . Thus, rosiglitazone pretreatment of MSC, which are capable of differentiation down both lineages, will result in a reduction in the number of cells capable of osteoblastic differentiation. However, if the MSC have lost their bipotential phenotype, such pretreatment will not affect the number of osteoblastic progenitors.
As shown in Fig. 8A , the pretreatment of MSC derived from adult control animals with rosiglitazone for 3 d followed by stimulation toward osteoblastogenesis resulted in a significant decrease in the number of CFU-OB compared with control. This suggests that the pool of adult MSC contains a significant number of rosiglitazone-sensitive osteoblast progenitors, presumably because they express PPAR␥2. In contrast, the same rosiglitazone pretreatment of MSC derived from adult rosiglitazone-treated animals did not significantly reduce the number of CFU-OB (Fig. 8A) . Similarly, pretreatment of MSC derived from old animals, either control or rosiglitazone-treated, did not affect the number of CFU-OB (Fig. 8B) . These data suggest that the osteoblastic progenitors derived from either rosiglitazone-treated adult or old animals are insensitive to rosiglitazone treatment in vitro and suggest that both exposure to rosiglitazone in vivo and aging produce a similar loss of rosiglitazone responsiveness in the MSC compartment. Mechanistically, it is reasonable to presume that the in vivo exposure of multipotential MSC, which express PPAR␥2 to rosiglitazone results in the terminal differentiation toward adipocytes and a simultaneous suppression of the osteoblast phenotype.
Discussion
We have previously postulated that an age-related increase in both the expression of the adipocyte-specific PPAR␥2 isoform and levels of natural PPAR␥ ligands, either locally produced in bone or delivered from the circulation, combined with a PPAR␥2-mediated dominant negative effect on osteoblast phenotype, is a key mechanism in agerelated bone loss (10, 11, 26) . Here, we demonstrate that rosiglitazone induces skeletal changes, such as bone loss, closing of the epiphysis, marrow adiposity, and altered marrow MSC phenotype, which are reminiscent of the bone changes that occur with aging. Moreover, aging appears to be a confounding factor for rosiglitazone-induced bone loss.
Rosiglitazone-induced structural, morphological, and functional changes in the skeleton result in a decrease of both bone mass and bone strength, two important parameters of bone quality. At the cellular level, PPAR␥ activation leads to changes in marrow structure and function, which are similar to the observed age-related changes and include a decrease in the number of osteoblasts, an increase in the number of marrow fat cells, and an increase in the number of osteoclasts. These changes are reflected at the molecular level by the decreased expression of osteoblast-specific and increased expression of adipocyte-specific gene markers (2, 11) and the increased expression of RANKL, the latter leading to increased osteoclastogenesis. Finally, rosiglitazone changes the multipotential character of MSC by decreasing their ability to interconvert between the osteoblastic and adipocytic lineages. In sum, rosiglitazone treatment in vivo modifies the phenotype of adult osteoblast progenitors to one that resem- bles the phenotype of osteoblast progenitors derived from old animals (11, 37, 38) .
The prevalence of type 2 diabetes is growing with an estimated 20 million prescriptions written annually (39) . In recent years, the age of patients diagnosed with type 2 diabetes has progressively decreased, and the incidence of the disease among the very young has become even more common (40) . In the animal model described here, rosiglitazone treatment induced significant bone loss in both adult and aged animals but not in young growing animals, although bone formation rate was significantly decreased. When considered together with the observed changes in the morphology of the epiphysis in young animals after rosiglitazone treatment, we expect that a longer duration of treatment or higher doses would induce significant bone loss, primarily as a result of the sustained suppression of bone formation rate. This observation is of particular importance because TZD therapies are increasingly being considered for younger patients.
Rosiglitazone-induced bone loss in adult and old animals appears to occur via distinct cellular mechanisms. Although bone loss in adult animals was associated with a decreased number of osteoblasts and decreased bone formation rate, the bone loss in old animals was a direct result of the increased osteoclast number. Based on the changes in the phenotype of bone marrow MSC, it is reasonable to conclude that in adult animals, rosiglitazone targets osteoblast progenitors and drives them to differentiate toward the adipocyte lineage. In contrast, rosiglitazone treatment of old animals does not appear to affect the differentiation of osteoblastic progenitors but instead alters MSC support for osteoclastogenesis. These possibilities are supported by data showing that the sensitivity of osteoblast progenitors to rosiglitazone decreases with aging. Consistent with this notion, in older animals, the increased adipocyte number after rosiglitazone treatment does not occur at the expense of osteoblast differentiation. In addition, because rosiglitazone increased the RANKL/OPG ratio as well as osteoclast number, bone loss in old animals is likely a result of increased bone resorption. When considered in the context of the rosiglitazone-mediated increases in osteoclastogenesis observed in vivo, these results suggest that rosiglitazone, like aging, increases the ability of MSC to support osteoclastogenesis. Interestingly, this effect correlates with the age-dependent increase in PPAR␥ expression in the MSC compartment (11) . In support of this idea, Sottile et al. (15) have suggested that rosiglitazone-induced bone loss in ovariectomized rats is due to increased bone resorption and not decreased bone formation. Based on the studies presented here, both age and bone formation rate are important factors in determining the mechanism of rosiglitazone-induced bone loss. If these data are confirmed in prospective clinical studies, it would argue strongly for the development of specific therapies, based on age and specific bone remodeling parameters, to prevent the bone loss associated with TZD therapy.
The role of PPAR␥ in the regulation of osteoclast development is complex. It is well documented that TZD inhibit osteoclast differentiation and function through a direct action on cells of osteoclast lineage (34 -36) . Indeed, we have presented here that in in vitro conditions, a presence of rosiglitazone directly affects a process of osteoclast recruitment from the pool of hematopoietic progenitors. Interestingly, in vivo rosiglitazone had no effect on the number of osteoclasts in young and adult animals and increased osteoclast number in old animals. We and others suggest a role for PPAR␥ in driving the increased ability of mesenchymal marrow cells to support osteoclast development. Schwab et al. (41) demonstrated previously that the PPAR␥ agonist ciglitazone increased mesenchymal cell support for osteoclast development. Similarly, we demonstrated that osteoclast development was augmented by rosiglitazone via a mechanism involving an apparent synergistic effect of PPAR␥ and vitamin D receptor on RANKL expression. Recently, two groups simultaneously reported the identification of a new enhancer region for RANKL gene, which determines its transcriptional regulation in response to the pro-osteoclastogenic hormones, vitamin D 3 , and PTH (42, 43) . It would be of particular interest to examine whether the crosstalk between the vitamin D receptor and PPAR␥2 in the regulation of RANKL gene expression also involves this region. More studies are warranted investigating the in vivo effects of TZD on osteoclastogenesis and bone resorption.
During aging, the MSC compartment undergoes constant progressive changes, leading to the restricted differentiation potential of formerly multipotential cells (37, 38) . These changes are considered a hallmark of the cellular senescence of marrow MSC. We have observed that both rosiglitazone and aging change the phenotype of MSC from multipotential to monopotential lineage-restricted cells. This alteration is manifested by a loss of the ability of osteoblastic cells to respond to rosiglitazone treatment, which may indicate the lack of or a decrease in PPAR␥ expression. By analogy to the lineage allocation of hematopoietic stem cells, osteoblast and adipocyte differentiation likely occurs by a stochastic process, which is determined and limited by the presence of phenotype-specific transcription factors (44) . Thus, osteoblast and adipocyte development is determined by Runx2 and PPAR␥2, respectively, which are simultaneously expressed in multipotential MSC. A loss of one of these factors will render MSC resistant to stimuli driving differentiation down the associated lineage. If so, osteoblast-committed MSC from old animals represent a pool of cells that have lost their adipocytic potential, as determined by the absence of PPAR␥2, and represent senescent osteoblast progenitors. This pool of cells is phenotypically distinct from the pool of osteoblastic progenitors resident in the adult marrow.
In support of the hypothesis of osteoblastic cellular senescence, it has been shown previously that the effect of rosiglitazone on osteoblast differentiation is dependent on the stage of their development (18) . Thus, ex vivo treatment with rosiglitazone of early bone marrow cultures resulted in a decrease in osteoblast number and a suppression of osteoblast-specific gene markers, whereas treatment of late cultures did not affect osteoblast differentiation (18) . By analogy, we consider adult MSC to represent the early cultures, which possess a fraction of the multipotential cells, and old MSC to represent late cultures, which primarily consist of lineage-committed cells. Thus, the loss of the multipotential
